The internal quantum efficiency (ΦIQ) of an organic photovoltaic (OPV) cell is governed by plural processes, i.e., the carrier formation process at the D/A interface and the carrier transfer process toward the collector electrode. Then, ΦIQ can be decomposed into the carrier formation (ΦCF) and carrier transfer efficiencies (ΦCT). By combination of femtosecond time-resolved and electrochemical spectroscopies, we determined absolute values of ΦCF of F8T2/PC71BM, P3HT/PCBM, and PTB7/PC71BM solar cells.
Introduction
OPV cells with a bulk heterojunction (BHJ) [1, 2] are promising energy conversion devices, because they are flexible, environmental-friendly, and low-cost. The BHJ active layer is a nano-level mixture of a donor (D) polymer and acceptor (A) fullerenes.
Extensive time-resolved spectroscopy studies have been carried out to reveal the carrier formation dynamics in a poly(3-hexylthiophene) (P3HT)/ [6, 6] -phenyl C61-butyric acid methyl ester (PCBM) [3] [4] [5] [6] [7] and poly- [4,8- (PTB7)/ [6, 6] -phenyl C71-butyric acid methyl ester (PC71BM) [8] [9] [10] [11] [12] [13] blend films.
Careful analyses of time-dependence of photoinduced absorption (PIA) reveals relative numbers of excitons and carriers against the time (t). Thus, one can determine the lifetime of exciton and/or formation time of carrier, which clarifies the conversion process from exciton to carrier. For example, the exciton-carrier conversion process in PTB7/PC71BM blend film takes place within ~0.3 ps. [11] However, interrelation between the carrier formation time/exciton decay time and the photovoltaic properties, e.g., power conversion efficiency (PCE), is unclear. The energy conversion of an OPV cell is governed by plural processes (see Fig.1 ). In the former process, carriers are formed by the photo-irradiation: the photo irradiation In the latter process, the carriers transfer to the collector electrode, and then, collected as photocurrent. This process is in sharp contrast with that of an inorganic photovoltaic (IPV) cell, which consists of only the latter process. The internal quantum efficiency (ΦIQ) is defined by ncollected / nphoton, where ncollected is the number of the carriers collected as current and nphoton is the number of the photon absorbed by the device. If we can determine the number of carriers formed at the D/A interface (nformed), we can calculate carrier formation efficiency (ΦCF = nformed / nphoton) and carrier transfer efficiency (ΦCT = ncollected / nformed). These efficiencies are important quantities to comprehend the device process, because ΦIQ is expressed as ΦCF×ΦCT. Significantly, the carrier formation process completes within several ps in prototypical OPV cells. [11] Then, the timeresolved spectroscopy can separate the process from the subsequent slow carrier transfer process.
In this paper, we proposed a spectroscopic method to determine ΦCF and applied the method to poly-(9,9'-dioctylfluorene-co-bithiophene) (F8T2)/ PC71BM, P3HT/PCBM, and PTB7/PC71BM solar cells. We found that ΦCF at 400 nm of the F8T2/PC71BM cell is higher than those of the P3HT/PCBM, and PTB7/PC71BM cells, although ΦIQ at 400 nm is the lowest.
Determination of Carrier Formation Efficiency
The magnitude of ΦCF was determined by combination of the femtosecond timeresolved and electrochemical spectroscopies. The former spectroscopy tells us the coefficient (αphoton) between the PIA (∆OD) due to carrier and nphoton, while the latter spectroscopy tells us the coefficient (αcarrier) between ∆OD and nformed. Then, ΦCF is calculated by αphoton /αcarrier. In I . αphoton, αcarrier, and ΦCF at 400 nm for several OPV cells. αphoton, and αcarrier were estimated by femtosecond time-resolved and electrochemical spectroscopies, respectively. I is the excitation intensity.
Experimental Procedure
The electrochemical spectroscopy was performed for the F8T2, P3HT, and PTB7 neat films. The F8T2 neat film was spin-coated on an indium-tin-oxide (ITO) glass substrate from an o-dichlorobenzene (o-DCB) solution and annealed for 10 min at 80 °C in an inert N2 atmosphere. The P3HT neat film was spin-coated from an o-DCB solution and annealed for 10 min at 110 °C in an inert N2 atmosphere. The PTB7 neat film was spincoated on the substrate from an o-DCB solution and was dried in an inert N2
atmosphere. The thicknesses of the F8T2, P3HT, and PTB7 films were 67, 86, and 96 nm, respectively. The electrochemical hole-doping was performed against Li in propylene carbonate (PC) solution containing 1 mol/l LiClO4 in an optical cell with a pair of quartz windows. [16, 17] The active area of the film was ~ 2 cm 2 , and the current was 100 nA. The voltages in the hole-doping process were 3.8, 3.4, and 3.7 V against Li for the F8T2, P3HT, and PTB7 films, respectively. The electrochemical differential absorption (∆ODEC) spectrum is expressed as -log (Idoped /Inon) , where Idoped and Inon are the transmission spectra of the hole-doped and non-doped films, respectively.
We fabricated an BHJ solar cells with the structure of ITO / PEDOT:PSS (~40 nm)/active layer/LiF (~1 nm)/Al (~80 nm). Details of fabrication processes are described in the literature. [6, 17] In 
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Fig.2:
∆ODEC spectrum of (a) F8T2, (b) P3HT, and PTB7 neat films. n is the density of We plotted in Fig.4 interrelation between ΦCF and ΦIQ for F8T2/PC71BM, P3HT/PCBM, and PTB7/PC71BM solar cells. As seen in TABLE II, PCE of the PTB7/PC71BM cell is larger than that of the P3HT/PCBM cell. However, the ΦIQ values at 400 nm are nearly the same between the two solar cells. Our spectral analysis revealed that the ΦCF values at 400 nm are approximately the same between the two solar cells. Then, the larger PCE in the PTB7/PC71BM cell should be ascribed to the low band-gap nature of the PTB7.
Looking at Fig. 4 , we found that ΦCF of the F8T2/PC71BM cell is higher than those of the P3HT/PCBM and PTB7/PC71BM cells, although ΦIQ at 400 nm is the lowest. We suspect that the high-ΦCF is ascribed to the nano-level mixing of F8T2 and PC71BM.
Our spectral analysis revealed that the low-ΦIQ of the F8T2/PC71BM cell should be ascribed to the worse carrier transfer efficiency (ΦCF).
Conclusion
We proposed a spectroscopic method to determine ΦCF and applied the method to the F8T2/PC71BM, P3HT/PCBM, and PTB7/PC71BM solar cells. Our method is applicable to the fast screening of the photovoltaic materials, because the high-ΦCF should be one necessary condition for a high-PCE solar cell. The spectroscopic determination of ΦCF is a powerful tool to comprehend the complicated process of organic solar cells. 
